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SUMMARY

The adaptive immune system is important for control of most viral infections. The three fundamental compo-
nents of the adaptive immune system are B cells (the source of antibodies), CD4* T cells, and CD8"* T cells.
The armamentarium of B cells, CD4* T cells, and CD8" T cells has differing roles in different viral infections
and in vaccines, and thus it is critical to directly study adaptive immunity to SARS-CoV-2 to understand
COVID-19. Knowledge is now available on relationships between antigen-specific immune responses and
SARS-CoV-2 infection. Although more studies are needed, a picture has begun to emerge that reveals that
CD4" T cells, CD8* T cells, and neutralizing antibodies all contribute to control of SARS-CoV-2 in both
non-hospitalized and hospitalized cases of COVID-19. The specific functions and kinetics of these adaptive
immune responses are discussed, as well as their interplay with innate immunity and implications for COVID-
19 vaccines and immune memory against re-infection.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the novel
human pathogen severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) (Hu et al., 2020), is a serious disease
that has resulted in widespread global morbidity and mortality.
Our understanding of SARS-CoV-2 and COVID-19 has rapidly
evolved during 2020. As of December 2020, the United States
has experienced >300,000 deaths, winter cases are rising
exceptionally fast, and the first interim phase 3 vaccine trial
results have been reported. The scientific advances in under-
standing SARS-CoV-2 and COVID-19 have been extraordi-
narily rapid and broad, by any metric, which is an amazing
testament to the commitment, creativity, collaboration, and
expertise of the international scientific community, both in
academia and industry, under extremely challenging condi-
tions. This article will review our current understanding of
the immunology of COVID-19, with a primary focus on adap-
tive immunity.

The immune system is broadly divided into the innate immune
system and the adaptive immune system. Although the adaptive
and innate immune systems are linked in important and powerful
ways, they each consist of different cell types with different jobs.
The adaptive immune system consists of three major cell types:
B cells, CD4* T cells, and CD8* T cells (Figure 1). B cells produce
antibodies. CD4" T cells possess a range of helper and effector
functionalities. CD8* T cells kill infected cells. Given that adap-
tive immune responses are important for the control and clear-
ance of almost all viral infections that cause disease in humans,
and adaptive immune responses and immune memory are cen-
tral to the success of all vaccines, it is critical to understand
adaptive responses to SARS-CoV-2.

ONE INTEGRATED MODEL OF IMMUNE RESPONSES TO
SARS-CoV-2

This review first presents a working model of immune responses
to SARS-CoV-2, to provide an overarching context, and then the
review explores individual compartments and immunological
facets of adaptive immunity to SARS-CoV-2 in greater detail.
Importantly, this is an evolving model and should not be
accepted as definitive; instead, it provides a reference point for
interpreting much of the available data in the literature and to
identify knowledge gaps that may provide directions for future
studies.

Any virus that can cause disease in humans must have at least
one immune evasion mechanism—at least one immune evasion
“trick.” Without the ability to evade the immune system, a virus is
usually harmless. Understanding immune evasion by a virus is
frequently important for understanding the pathogenesis of the
virus, as well as understanding challenges faced by the adaptive
immune system and any candidate vaccine. In the case of
SARS-CoV-2, the virus is clearly unusually effective at evading
the triggering of early innate immune responses, such as type
1 interferons (IFNs) (see below). It is plausible that much of the
nature of COVID-19 as an illness is a consequence of this one
big trick of SARS-CoV-2.

In an idealized example of a generic viral infection, the innate
immune system rapidly recognizes the infection and triggers
the “alarm bells” of type | IFN expression and related molecules
(Weaver and Murphy, 2016) (Figure 2A). This can occur within a
couple of hours of infection. The innate immune response serves
three main purposes: (1) restriction of viral replication within in-
fected cells, (2) creation of an antiviral state in the local tissue
environment, including recruitment of effector cells of the innate
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Figure 1. The major components of adaptive immunity in viral immune responses
Virus-specific CD4* T cells, CD8" T cells, and antibodies (produced by B cells) constitute the three major components of acute adaptive immunity to a viral
infection. Immune memory consists of memory B cells, antibodies, virus-specific CD4* T cells, and virus-specific CD8" T cells constitute the four major com-

ponents of immune memory to a viral infection.

immune system, and (3) priming the adaptive immune response.
The first two activities of the innate immune system slow down
the viral replication and spread. The third is a critical requirement
of the innate immune system to trigger the adaptive immune
response. Adaptive immune responses are slow due to the
intrinsic requirement of selecting and expanding virus-specific
cells from the large pools of naive B cells and T cells specific
for different molecular structures and sequences (>10° cells
each). Adaptive immune responses take time to generate suffi-
cient cells to control a viral infection, ~6-10 days after priming
(Figure 2A), due to the inherent time demands for extensive pro-
liferation and differentiation of naive cells into effector cells. Once
sufficient populations of effector T cells (helper T cells and cyto-
toxic T cells) and effector B cells (antibody secreting cells, known
as plasmablasts and plasma cells) have proliferated and differ-
entiated, they often work together to rapidly and specifically
clear infected cells and circulating virions.

In a SARS-CoV-2 infection, the virus is particularly effective at
avoiding or delaying triggering intracellular innate immune re-
sponses associated with type | and type Il IFNs in vitro
(Blanco-Melo et al., 2020) and in humans (Arunachalam et al.,
2020; Bastard et al., 2020; Blanco-Melo et al., 2020; Laing
et al., 2020). Without those responses, the virus initially repli-
cates unabated and, equally importantly, the adaptive immune
responses are not primed until the innate immune alarms occur
(Figure 2B). In an average case of COVID-19, a simple model is
that temporal delay in innate immune responses is enough to
result in asymptomatic infection (~40% of SARS-CoV-2 infec-
tions are asymptomatic) (Oran and Topol, 2020) or clinically
mild disease (“mild” is a COVID-19 clinical definition meaning
not requiring hospitalization) because the T cell and antibody re-
sponses occur relatively quickly and control the infection
(Figure 2B). The presence of T cells and antibodies is associated
with successful resolution of average cases of COVID-19 (Grifoni
et al., 2020). Studies of acute and convalescent COVID-19 pa-
tients have observed that SARS-CoV-2-specific T cell responses
are significantly associated with milder disease (Liao et al., 2020;
Rydyznski Moderbacher et al., 2020; Sekine et al., 2020; Zhou
et al., 2020b), suggesting that T cell responses may be important
for control and resolution of a primary SARS-CoV-2 infection.
These topics are discussed in detail in later sections.
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Ineffective IFN innate immunity has been strongly associated
with failure to control a primary SARS-CoV-2 infection and a
high risk of fatal COVID-19, accompanied by innate cellimmuno-
pathology and a plasma cytokine signature of elevated CXCL10,
interleukin (IL)-6, and IL-8 in many studies (Aid et al., 2020; Kuri-
Cervantes et al., 2020; Li et al., 2020b; Lucas et al., 2020; Rader-
mecker et al., 2020; Schurink et al., 2020; Del Valle et al., 2020).
Impaired and delayed type | and type Il IFN responses are asso-
ciated with risk of severe COVID-19 (Galani et al., 2021; Hadjad}]
et al., 2020). The risk of a poor early innate immune response to
SARS-CoV-2 is highlighted by the striking findings of very high
risk of severe or fatal COVID-19 in individuals with defective
type | IFN responses (Bastard et al., 2020; Zhang et al., 2020).
If the innate immune response delay is too long—because of
particularly efficient evasion by the virus, defective innate immu-
nity, or a combination of both—then the virus (1) gets a large
head start in replication in the upper respiratory tract (URT)
and lungs, and (2) fails to prime an adaptive immune response
for a long time, resulting in conditions that lead to severe enough
lung disease for hospitalization (Figure 2C). These factors can be
amplified by challenges of age, as elderly individuals have a
smaller naive T cell pool and are therefore more likely to struggle
to make a T cell response quickly that can recognize this new vi-
rus (Rydyznski Moderbacher et al., 2020), which also likely re-
sults in hampered neutralizing antibody responses, because
neutralizing antibody responses are generally T cell-dependent.

If the adaptive immune response starts too late, fatal COVID-
19 appears to be a situation where viral burden is high (Magleby
et al., 2020) in the absence of a substantive adaptive immune
response (Figure 2C). It is plausible that the innate immune sys-
tem tries to fill the vacuum left by the absence of a T cell
response, attempting to control the virus with an ever-expanding
innate immune response. That solution ends up untenable, as a
massive innate response results in excessive lung immunopa-
thology. This conclusion is consistent with many studies finding
innate cytokine/chemokine signatures of immunopathology
(cited above), and particularly observation of elevated fre-
quencies of neutrophils (the most common cell type of the innate
immune system) in blood (Kuri-Cervantes et al., 2020), and
massive numbers of neutrophils in lungs, associated with se-
vere, end-stage COVID-19 disease (Li et al., 2020b; Liao et al.,
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Figure 2. An integrated working model of COVID-19 immunology
and disease severity

Immune response trajectories in COVID-19. Conceptual schematics of the
kinetics of immune responses to SARS-CoV-2 under conditions of average
COVID-19 (non-hospitalized cases) and severe or fatal COVID-19. “Innate
immunity” line specifically refers to the peak kinetics of innate cytokines and
chemokines detectable in blood; innate immune responses occur locally
throughout the course of an infection. “T cells” refers to virus-specific CD4*
and CD8* T cells. “Antibodies” refers to virus-specific neutralizing antibodies.
Arrows indicate a time point with important differences in the presence or
absence of T cell responses and the magnitude of the viral load, comparing (B)
and (C).

(A) An example of a generic viral infection.

(B) Average SARS-CoV-2 infection.

(C) Severe or fatal SARS-CoV-2 infection. The period of severe COVID-19
clinical disease is shaded gray.

See also Figure S1 for additional features.
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2020; Radermecker et al., 2020; Schurink et al., 2020). In
contrast, end-stage disease is not generally associated with
preferentially elevated T cell abundance in lung tissue (Liao
et al., 2020; Oja et al., 2020; Szabo et al., 2020), consistent
with a working model that early adaptive immune responses
are very beneficial, and late adaptive immune responses are sim-
ply too late (Figure 2C).

We describe one parsimonious working model of immune re-
sponses in COVID-19 in Figure 2, consistent with much of the
available literature. However, these are still very active areas of
investigation, and there are plausible alternative models as
well, which are discussed below. The overall amount of data
for the details of antigen-specific adaptive immune responses
in acute COVID-19 infections remains limited; nevertheless, the
ongoing pandemic, with well over 1 million deaths to date, re-
quires rapid interpretation of the available data. This working
model provides a useful framework and reference point to start
from. Below, we provide a detailed discussion of the facets of
adaptive immunity to COVID-19.

Adaptive immunity to SARS-CoV-2 infection

Humans make SARS-CoV-2-specific antibodies, CD4* T cells,
and CD8* T cells in response to SARS-CoV-2 infection (Grifoni
et al.,, 2020; Krammer, 2020; Stephens and McElrath, 2020)
(Figure 1). Antibodies, CD4* T cells, and CD8" T cells can each
have protective roles in controlling viral infections, but those
roles and the importance of each component of adaptive immu-
nity varies depending on the viral infection. In some infections,
one of the three branches of adaptive immunity is critically
important for control of the viral infection and survival of the
host. For other viral infections, there is a high degree of synergy
and redundancy between the branches of adaptive immunity, re-
sulting in more paths to successful control of an infection and
robust immunity. For these reasons, it is important to measure
antigen-specific CD4* T cells, CD8" T cells, and antibodies in
the same individuals, to avoid the problems illustrated in the
classic blindfolded men and the elephant allegory.

CD4* T cells

T cell responses are detected after almost all SARS-CoV-2 infec-
tions (Grifoni et al., 2020; Rydyznski Moderbacher et al., 2020;
Peng et al., 2020; Sekine et al., 2020). CD4" T cell responses
to SARS-CoV-2 are more prominent than CD8" T cell responses
(Grifoni et al., 2020; Sekine et al., 2020) and have been associ-
ated with control of primary SARS-CoV-2 infection (Rydyznski
Moderbacher et al., 2020). CD4* T cells more so than CD8*
T cells were associated with control of SARS-CoV infection in an-
imal models (Chen et al., 2010; Zhao et al., 2016). T cells specific
to any viral protein can be relevant for protective immunity.
Nevertheless, there is particular interest in T cell responses
against SARS-CoV-2 Spike protein (“Spike”), because almost
all candidate COVID-19 vaccines exclusively contain Spike
(Krammer, 2020). Additionally, induction of anti-Spike antibodies
depends on Spike-specific CD4* T cells, with possible contribu-
tions of CD4* T cells specific for other virion structural proteins
(Crotty, 2015; Elsayed et al., 2018). In a study examining CD4*
T cell responses to all SARS-CoV-2 proteins in convalescent
COVID-19 cases, responses were detected against almost all
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Figure 3. CD4" T cell functions observed in COVID-19

Virus-specific CD4* T cells may differentiate into multiple distinct cell types in response to SARS-CoV-2, and exhibit a range of helper and effector functions.
These include Tth cells, which provide help to B cells for affinity maturation and antibody production; Th1 cells, which can have direct antiviral functions through
cytokine secretion plus recruitment of innate cells; CD4 T cells, that help CD8 T cells to proliferate and differentiate; CD4-CTL, which can have direct cytotoxic
activity against virally infected cells in a class Il antigen presentation restricted manner; and CD4 T cells that produce IL-22, which has roles in wound healing.

SARS-CoV-2 proteins (21/24) within the subject cohort, with
CD4™* T cell responses only undetectable for the smallest of the
proteins (Grifoni et al., 2020). The prevalence and magnitude of
the SARS-CoV-2 CD4" T cell responses correlates with the
expression level of each SARS-CoV-2 protein (Grifoni et al.,
2020). Spike, M, and nucleocapsid are the most prominent tar-
gets of SARS-CoV-2-specific CD4* T cells (Grifoni et al., 2020),
with substantial responses also against ORF3a and nsp3 (Le
Bert et al., 2020; Grifoni et al., 2020; Nelde et al., 2021; Oja
et al.,, 2020; Peng et al., 2020). The prominence of M as a
CD4" T cell target is intriguing, because M is a relatively small,
multipass transmembrane protein without high-affinity class Il
restricted T cells in the naive repertoire (Mateus et al., 2020), sug-
gesting that M is very highly expressed in vivo, or is made avail-
able to CD4* T cells in a very immunogenic context. Although
Spike is the most consistently recognized SARS-CoV-2 antigen
(Braun et al., 2020; Grifoni et al., 2020; Rydyznski Moderbacher
etal., 2020; Peng et al., 2020), a “megapool” of predicted class Il
epitopes measures ~50% of the SARS-CoV-2-specific CD4*
T cell response outside of Spike (Grifoni et al., 2020), which sub-
stantially simplifies SARS-specific CD4* T cell measurements.
Patterns of CD4* T cell SARS-CoV-2 antigens recognized
appear to be similar during acute infection and convalescence
and memory phases (Rydyznski Moderbacher et al., 2020),
although ORF7/8 CD4* T cell responses may exhibit relative
selectivity for the acute phase (Tan et al., 2020a).

CD4* T cells in acute COVID-19

Studies of SARS-CoV-2 CD4* T cells are more common from
convalescent patients than from acute cases, for logistical rea-
sons, but it is important to understand the kinetics of the T cell
responses during acute infection to be able to interpret the func-
tional contributions of adaptive immunity to control of natural
infection. One of the challenges in the literature is that intensive
care unit (ICU) patients are frequently the most accessible acute
patients for T cell studies, but antigen-specific T cell measure-
ments in ICU patients is the study of late stage disease, the
sequela of which might render results challenging to interpret.
The situation earlier during acute disease is of particular interest.
SARS-CoV-2-specific CD4* T cells can be detected as early as
days 2-4 post-symptom onset (PSO) (Rydyznski Moderbacher
et al., 2020; Tan et al., 2020a; Weiskopf et al., 2020). Notably,
SARS-CoV-2-specific CD4" T cells had the strongest associa-
tion with lessened COVID-19 disease severity, compared with
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antibodies and CD8" T cells (Rydyznski Moderbacher et al.,
2020). Rapid induction of SARS-CoV-2-specific CD4* T cells in
acute COVID-19 was associated with mild disease and acceler-
ated viral clearance (Tan et al., 2020a). In contrast, the strikingly
extended absence of SARS-CoV-2-specific CD4* T cells was
associated with severe or fatal COVID-19 (>day 22 PSO in
some cases) (Braun et al., 2020; Rydyznski Moderbacher et al.,
2020; Tan et al., 2020a).

CD4* T cell functions in SARS-CoV-2 infection

CD4* T cells have the ability to differentiate into a range of helper
and effector cell types, with capacity to instruct B cells, help
CD8* T cells, recruit innate cells, have direct antiviral activities,
and facilitate tissue repair (Figure 3). Virus-specific CD4*
T cells commonly differentiate into Th1 cells and T follicular help-
er cells (Tth). Th1 cells have antiviral activities via production of
IFNy and related cytokines. Tfh cells are the specialized pro-
viders of B cell help and are critical for the development of
most neutralizing antibody responses, as well as memory B cells
and long-term humoral immunity (Crotty, 2019). Circulating Tfth
cells (cTfh) specific for SARS-CoV-2 are generated during acute
SARS-CoV-2 infection (Meckiff et al., 2020; Rydyznski Moder-
bacher et al., 2020). SARS-CoV-2 memory cTfh cells are also
generated (Juno et al., 2020; Rydyznski Moderbacher et al.,
2020; Neidleman et al., 2020; Sekine et al., 2020). Although
neutralizing antibody titers have not correlated with reduced
COVID-19 severity (Dan et al., 2021; Piccoli et al., 2020; Robbiani
et al., 2020), SARS-CoV-2 cTth cell frequencies have been asso-
ciated with reduced disease severity (Rydyznski Moderbacher
et al., 2020). Of note, a substantial fraction of SARS-CoV-2
cTfh are CCR6", potentially indicative of mucosal airway homing,
which has also been observed for the common cold coronavirus
HKU1 (Juno et al., 2020).

In addition to helping antibody responses, CD4* T cells also
help CD8* T cell responses. Although the exact CD4* T cells
providing the CD8* help remains unclear, IL-21 can be important
for CD4* T cell help to CD8* T cells (Buchholz and Busch, 2019;
Zander et al.,, 2019), and IL-21 is a canonical cytokine of
Try cells.

Although helping B cells and CD8" T cells are important func-
tions of CD4* T cells, CD4* T cells also differentiate into effector
cells with more direct anti-pathogen activities, such as Th1 cells.
IFNy* CD4" T cells protect mice from lethal SARS-CoV
infection (Zhao et al., 2016). The dominant cytokine produced
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by SARS-CoV-2-specific CD4* T cells from COVID-19 patients is
IFNy (Braun et al., 2020; Grifoni et al., 2020; Rydyznski Moder-
bacher et al., 2020; Weiskopf et al., 2020), with a clear IFNy, tu-
mor necrosis factor (TNF), IL-2 protein signature of canonical Th1
cells (Braun et al., 2020; Rydyznski Moderbacher et al., 2020;
Peng et al., 2020; Sekine et al., 2020). CD4-CTLs are related
cell types with direct cytotoxic activity, which are associated
with protective immunity against multiple severe viral infections
(Weiskopf et al., 2015). A CD4-CTL transcriptional signature
has been seen (Meckiff et al., 2020), although the cytotoxicity
degranulation marker CD107a (Buggert et al., 2018; Weiskopf
et al., 2015) has been minimally observed on SARS-CoV-2-spe-
cific CD4* T cells (Peng et al., 2020; Sekine et al., 2020). One
function of CD4* T cells is to recruit other effector cells to a
site of viral antigen, and gene expression of CCL3/4/5 (MIP-1
s) and XCL7 chemokines by SARS-CoV-2-specific CD4*
T cells may contribute to effector cell recruitment (Meckiff
et al., 2020).

CCR6 is a chemokine receptor associated with migration to
mucosal tissues. Expression of CCR6 by a subset of SARS-
CoV-2-specific CD4" T cells may reflect underlying Th17 attri-
butes of those cells; however, undetectable or low amounts of
IL-170. protein expression have been reported (Braun et al,
2020; Grifoni et al., 2020; Juno et al., 2020; Rydyznski Moder-
bacher et al., 2020; Oja et al., 2020; Sekine et al., 2020; Weiskopf
et al., 2020). In contrast, IL-22, which can also be made by
mucosal CD4* T cells, appears to be robustly expressed by
SARS-CoV-2-specific CD4* T cells (Grifoni et al., 2020; Rydyznski
Moderbacher et al., 2020; Weiskopf et al., 2020). CCR6* IL-22*
and CCR6" IL-17* cells can be largely independent cell types in
other infections (Morou et al., 2019). Notably, IL-22 is strongly
associated with tissue repair, particularly of lung and gut epithelial
cells (Dudakov et al., 2015), suggesting that the SARS-CoV-2
CD4* T cell response may actively participate in lung tissue repair
during COVID-19. SARS-CoV-2 memory CD4* T cells appear to
retain the capacity to make IL-22 (Rydyznski Moderbacher
et al., 2020). Last, there were initially great concerns about poten-
tial immune deviation to Th2 and immunopathogenesis (Peeples,
2020), but SARS-CoV-2-specific CD4* T cells from patients
consistently do not have Th2 characteristics (Grifoni et al., 2020;
Rydyznski Moderbacher et al., 2020; Sekine et al., 2020).

CD8"* T cells

CD8"* T cells are critical for clearance of many viral infections,
due to their ability to kill infected cells. In SARS-CoV-2 infections,
the presence of virus-specific CD8" T cells has been associated
with better COVID-19 outcomes (Rydyznski Moderbacher et al.,
2020; Peng et al., 2020). Overall, circulating SARS-CoV-2-spe-
cific CD8" T cells are less consistently observed than CD4*
T cells (Grifoni et al., 2020; Rydyznski Moderbacher et al.,
2020; Sekine et al., 2020). Predicted HLA class | epitope pep-
tides are able to identify a substantial fraction of the SARS-
COV-2-specific CD8 T cell response (Grifoni et al., 2020).
SARS-CoV-2 CD8* T cells are specific for a range of SARS-
CoV-2 antigens, with Spike, nucleocapsid, M, and ORF3a well
represented (Le Bert et al., 2020; Grifoni et al., 2020; Nelde
et al., 2021; Peng et al., 2020; Sekine et al., 2020). Like SARS-
CoV-2-specific CD4* T cell responses, SARS-CoV-2-specific
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CD8" T cell responses can develop rapidly during acute
COVID-19 (Rydyznski Moderbacher et al., 2020), with a report
of virus specific CD8" T cells as early as day 1 PSO (Schulien
et al., 2020). In acute COVID-19, SARS-CoV-2-specific CD8"
T cells exhibit high levels of molecules associated with potent
cytotoxic effector functions, such as IFNvy, granzyme B, perforin,
and CD107a (Rydyznski Moderbacher et al., 2020; Schulien
et al., 2020; Sekine et al., 2020). Memory SARS-CoV-2 CD8"
T cells have similar expression profiles (Grifoni et al., 2020; Ry-
dyznski Moderbacher et al., 2020; Peng et al., 2020; Sekine
et al., 2020; Zuo et al., 2020a).

Antibodies and B cells

The vast majority of SARS-CoV-2 infected individuals serocon-
vert within 5-15 days PSO, with ~90% seroconversion by day
10 PSO (Long et al., 2020; Rydyznski Moderbacher et al.,
2020; Premkumar et al., 2020; Ripperger et al., 2020; Suthar
et al., 2020). The primary antigens examined for seroconversion
are Spike and nucleocapsid. Nucleocapsid and Spike immuno-
globulin G (IgG) titers are highly correlated (Piccoli et al., 2020).
Spike is the target of SARS-CoV-2 neutralizing antibodies, and
the receptor binding domain (RBD) of Spike is the target of
>90% of neutralizing antibodies in COVID-19 cases (Brouwer
et al., 2020; Piccoli et al., 2020; Robbiani et al., 2020; Rogers
et al.,, 2020; Suthar et al., 2020), with some neutralizing anti-
bodies instead targeting the N-terminal domain (NTD) (Liu
et al., 2020). The estimates of seroconversion to SARS-CoV-2
Spike range from 91%-99% in large studies (Gudbjartsson
et al.,, 2020; Wajnberg et al., 2020). Spike IgG, IgA, and IgM
develop simultaneously in infected individuals (Isho et al.,
2020; Premkumar et al., 2020; Suthar et al., 2020).

Neutralizing antibodies develop rapidly in most SARS-CoV-2-
infected people, on the same time frame as seroconversion. The
neutralizing antibodies are produced by B cells with a wide range
of heavy chain and light chain V genes (Robbiani et al., 2020;
Rogers et al., 2020). SARS-CoV-2 neutralizing antibodies also
exhibit little to no somatic hypermutation (Gaebler et al., 2020;
Robbiani et al., 2020; Rogers et al., 2020). Altogether, these
data indicate that development of neutralizing antibodies against
SARS-CoV-2 is relatively easy, because it can be accomplished
by many B cells with little or no affinity maturation required. The
data also indicate that SARS-CoV-2 neutralizing antibody re-
sponses generally develop from naive B cells, not from pre-exist-
ing cross-reactive memory B cells (Anderson et al., 2020; Ng
et al., 2020; Nguyen-Contant et al., 2020; Shrock et al., 2020;
Song et al., 2020). Thus, neutralizing epitopes on the SARS-
CoV-2 RBD domain, particularly those corresponding to the
ACE2 receptor binding footprint, appear to be highly immuno-
genic and easily recognized by antibodies. However, it should
also be noted that circulating SARS-CoV-2 neutralizing antibody
titers are relatively low in a substantial fraction of recovered
COVID-19 cases (Dan et al., 2021; Robbiani et al., 2020; Wajn-
berg et al., 2020), indicating that either the neutralizing antibody
potency or the serum concentration is suboptimal in this subset.

Although it was noted above that antibodies stop viruses
outside of cells, antibodies can also kill virally infected cells (Lu
et al., 2018), and this can be an important mechanism of action
in vivo (Benhnia et al., 2009; Lu et al., 2018). Currently there is
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Figure 4. Components of local immunity

Human immune responses are most often measured in blood, but immune responses at local sites of infection and/or portals of entry are important and may not
be directly reflected by blood measurements. Local immunity in lungs, nasal passages, and the oral cavity and salivary glands can consist of Trm CD8* T cells,
CD4* T cells, and IgG and IgA antibodies constitutively present in those tissues as immune memory, which can be supplemented by additional cells and an-

tibodies upon infection.

no direct evidence of this in human SARS-CoV-2 infections, but
Fc receptor-associated functions in serum were correlated with
protective immunity in a SARS-CoV-2 NHP vaccine model (Yu
et al., 2020), neutralizing antibodies with Fc-receptor binding ca-
pacity were more protective in mice (Schafer et al., 2021), and
humans who did not survive COVID-19 infection had antibody
responses with reduced Fc-dependent antibody effector activity
(Zohar et al., 2020).

In general, and in various animal models, higher antigen load
drives higher antibody titers. This appears to hold true in the
case of SARS-CoV-2, where neutralizing antibody titers (and to-
tal Spike antibody titers) have positively correlated with COVID-
19 disease severity in large cohort studies (Piccoli et al., 2020;
Robbiani et al., 2020). Similar observations were made for
SARS and Middle Eastern respiratory syndrome (MERS) (Sariol
and Perlman, 2020).

The relationship between neutralizing antibodies, Tfh cells,
and COVID-19 disease severity appears to be complex. High
neutralizing antibody titers are associated with severe disease
and potentially extrafollicular B cell responses (Piccoli et al.,
2020; Woodruff et al., 2020), while SARS-CoV-2-specific Tfth
cells have different associations depending on the study (Juno
et al., 2020; Meckiff et al., 2020; Rydyznski Moderbacher et al.,
2020; Oja et al., 2020). Disparate T and B cell responses could
be due to a disconnect between B cell and T cell responses (Ry-
dyznski Moderbacher et al., 2020; Oja et al., 2020; Tan et al.,
2020a) due to the altered early innate immune response, which
may result in kinetic delays or dysregulation of T cell priming (Ar-
unachalam et al., 2020; Zhou et al., 2020b). To fill these knowl-
edge gaps, more longitudinal studies of the kinetics of antibody
and virus-specific T cell responses during acute SARS-CoV-2 in-
fections of varying disease severity are required.

Protection and pathogenesis

SARS-CoV-2 infects epithelial cells of the URT (nasal passages
and throat) and lungs (bronchi and lung alveoli). These sites are
involved with different aspects of SARS-CoV-2 pathology and
transmission, relevant to the adaptive immune response. Severe
COVID-19 involves extensive lung infection. SARS-CoV-2 URT
infection is important for transmission and is associated with
milder disease symptoms. As summarized above, based on
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the available data, a useful working model is that COVID-19 dis-
ease severity and duration is largely a function of early evasion of
innate immune recognition and the subsequent kinetics of the
adaptive immune response (Figures 2A and 2B), with severe or
fatal COVID-19 disease being largely the product of innate im-
mune system lung immunopathology brought on by high viral
loads and a lack of timely T cell responses (Figures 2C and S1).
Immunological mechanisms of control of SARS-CoV-2
infection

In oversimplified terms, antibodies mostly stop viruses outside of
cells and T cells stop viruses inside of cells. This powerful divi-
sion of labor has proven to be a successful complementary
approach to control most viral infections in most individuals. In
a natural infection, the adaptive immune response takes time
to develop, and many cells are already infected by the time an
antibody response develops. Frequently antibodies alone
cannot clear an ongoing infection, it also takes T cells. This
may be why SARS-CoV-2 neutralizing antibody titers have not
correlated with lessened disease severity in primary COVID-19
(Baumgarth et al., 2020; Rydyznski Moderbacher et al., 2020;
Tan et al., 2020a). It is always challenging to interpret immuno-
logical cause and effect in humans, due to the inherently correl-
ative nature of the data; nevertheless, the absence of a
correlation between neutralizing antibodies and recovery from
COVID-19 is notable. Given that SARS-CoV-2-specific CD4*
T cells and CD8" T cells correlated with reduced disease
severity, while neutralizing antibodies in the same individuals
did not (Rydyznski Moderbacher et al., 2020), one parsimonious
interpretation is that T cells do the heavy lifting for control of a pri-
mary SARS-CoV-2 infection.

Injection of high doses of SARS-CoV-2 neutralizing mono-
clonal antibodies into SARS-CoV-2-infected humans had rela-
tively limited effects on COVID-19 in clinical trials (Chen et al.,
2020; Weinreich et al., 2020). Viral loads dropped an extra
~0.5 log+g after 7 days in treated subjects compared to subjects
who received placebo control. In contrast, individuals who sero-
converted on their own exhibited 1,000- to 10,000-fold lower
viral loads (Weinreich et al., 2020). Given that the monoclonal
antibody injections provided SARS-CoV-2 neutralizing antibody
titers ~100 times higher than native neutralizing antibody re-
sponses in people (monoclonal antibody neutralizing titers of
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~100,000) (Weinreich et al., 2020), the results are most consis-
tent with a dominant role for T cells in control and clearance of
an ongoing SARS-CoV-2 infection. This is not to say that such
therapeutic monoclonal antibody interventions are not worth-
while, but the simplest interpretation of the data is that even
high concentrations of neutralizing antibodies have limited effect
on the control of SARS-CoV-2 replication, and it may essentially
be buying additional time for the development of an effective
T cell response to clear the infection. Additionally, monoclonal
antibody therapy has not, to date, shown efficacy in improving
outcomes of hospitalized COVID-19 (Lundgren et al., 2020).

Human genetic and pharmacological evidence supports the
possibility of control of SARS-CoV-2 in the absence of neutral-
izing antibodies. Two unrelated adults in ltaly with agammaglob-
ulinemia and no circulating B cells developed COVID-19 and fully
recovered from infection (Soresina et al., 2020), suggesting that
antibodies can be dispensable for protective immunity to SARS-
CoV-2 in otherwise healthy adults. Many people have pharma-
ceutical depletion of B cells for unrelated conditions. Three
studies, with a total of 31 COVID-19 cases, of subjects on B
cell depletion therapy reported all COVID-19 cases resolved
without intensive care (Montero-Escribano et al., 2020; Novi
et al., 2020; Safavi et al., 2020). One report presented two fatal
cases of COVID-19 in patients >65 years of age on B cell deple-
tion therapy and other immunosuppressive drugs (Tepasse
et al., 2020). However, no antigen-specific T or neutralizing anti-
body data are available from any of those reports. Separately,
there are multiple reports of healthy individuals successfully con-
trolling a SARS-CoV-2 infection with little to no neutralizing (or
RBD IgG) antibodies detectable post-infection, while having sig-
nificant SARS-CoV-2-specific T cell memory (Rydyznski Moder-
bacher et al., 2020; Nelde et al., 2021; Schulien et al., 2020; Se-
kine et al., 2020). Those observations imply the ability to control
COVID-19 without substantial contribution from neutralizing an-
tibodies, as long as a strong T cell response is present. Thus,
with the currently available data, it is plausible that SARS-CoV-
2 infection may be controlled by a combination of CD4* and
CD8" T cells without neutralizing antibodies. Nevertheless, in
aggregate the data support a model wherein a coordinated, early
response by all three branches of adaptive immunity is likely to
be most successful at controlling SARS-CoV-2 infection and
limiting COVID-19 severity. More data are required to directly
test these models thoroughly.

This does not mean that neutralizing antibodies are not func-
tional or valuable. Neutralizing antibodies are associated with
protective immunity against 2° infection with SARS-CoV-2 or
SARS-CoV, discussed below.

Antibodies can be a useful surrogate marker of CD4* T cell re-
sponses in many infections and vaccines, as antibody assays
are much easier and more sensitive in small blood volumes
than antigen-specific T cell assays. At large cohort scales it is
usually impractical to measure virus-specific T cells. Thus, corre-
lations between antibodies and T cells are of great interest.
Serum antibody titers were poorly predictive of the presence of
SARS-CoV-2 CD4* T cells in a study of 188 COVID-19 cases
(Dan et al., 2021). These considerations have increased interest
in potentially using early T cell responses as a diagnostic in acute
COVID-19 (Tan et al., 2020a). A cytokine release assay analo-
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gous to the tuberculosis IFNvy release assay is a possibility (Lew-
insohn et al., 2017; Murugesan et al., 2020; Petrone et al., 2020),
as are plasma CXCL10 (Rydyznski Moderbacher et al., 2020) and
surrogate markers in flow cytometry for virus-specific T cells
(Mathew et al., 2020; Sekine et al., 2020).
Immunopathogenesis

Sometimes the immune response to a viral infection is more
damaging than the viral infection itself. Therefore, in addition to
considering roles for adaptive immunity in control of COVID-
19, immunopathogenesis must also be considered. While the
data indicate that overactive innate immunity is the cause of se-
vere or fatal lung pathology in COVID-19 (Figure 2, discussed
above), alternative models to seriously consider are (1) T cells
are the central cause of immunopathogenesis, or (2) antibodies
are the central cause of immunopathogenesis. The initial
emphasis on the T cell immunopathology model came from a
Th2-bias hypothesis (Peeples, 2020) and that has not been
borne out, as discussed above in the CD4* T cell section.
Another possibility has been T cell immunopathology in the
lung by cells that are not detectable in blood. Local immunity is
discussed below but, in brief, available data have not supported
that model either. Although there have been reports of positive
associations between T cell responses and COVID-19 immuno-
pathology, the majority of the data points to innate immune cells
in the lungs as the primary mediators ofimmunopathology. There
are people with severe COVID-19 with high frequencies of circu-
lating CD8" T cells of indeterminate specificity (Mathew et al.,
2020), leaving open the possibility that those cells are involved
in immunopathogenesis, in contrast to individuals with severe
disease and weak virus-specific T cell responses (Mathew
et al.,, 2020; Rydyznski Moderbacher et al., 2020; Tan et al.,
2020a). One of the challenges is that, late in ICU patients, there
may be complex intertwined adverse events after many things
have already gone haywire. Studies beginning earlier during dis-
ease are more informative, and larger longitudinal studies of vi-
rus-specific T cell responses in acute disease are sorely needed.

Regarding antibodies as the cause of immunopathogenesis,
this notion primarily derives from some SARS animal model vac-
cine studies and an understanding of dengue. Although the term
antibody-dependent enhancement (ADE) of infection is
frequently used, ADE was not observed in SARS or MERS, and
the instances of antibody-associated disease pathology with
certain SARS immunizations were not FcR-dependent and
appear more likely to be immune complex driven inflammation
(Sariol and Perlman, 2020). ADE is rarely observed for viral infec-
tions in vivo. It is unclear if immune complex driven inflammation
occurs in severe COVID-19. The quality of the Spike, neutral-
izing, and nucleocapsid antibodies is similar in both hospitalized
and non-hospitalized cases (Piccoli et al., 2020). A bias toward
nucleocapsid antibodies over Spike antibodies in fatal cases
was observed in a pair of studies (Atyeo et al., 2020; Zohar
et al., 2020), which is consistent with a role for Spike antibodies
in reducing viral loads.

Autoantibodies have been reported in COVID-19 cases. It is
not uncommon for transient autoreactivity to be observed in
serum in response to an acute viral infection. However, autoan-
tibodies triggered by pathogens can be pathogenic (e.g.,
S. pyogenes and rheumatic heart disease), and it is unclear if
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autoantibodies in response to SARS-CoV-2 infection are unusu-
ally prevalent or pathogenic (Zuo et al., 2020b).

Viruses have developed multitudinous ways to evade the im-
mune system, including disrupting or diverting immune re-
sponses. Thus, although it is still possible that SARS-CoV-2
has additional important immune evasion or disruption mecha-
nisms yet to be determined, the currently available data are
encouraging for vaccine development, because adaptive im-
mune responses to SARS-CoV-2 are associated with control of
infection, and no clear causal association of adaptive immunity
with COVID-19 disease severity has been observed in the
literature.

Local immune responses

To control an infection, the immune system must act at the site of
the infection (Figure 4). Most measurements of human adaptive
immunity are made from blood samples, because this is by far
the most convenient means of measuring immune responses.
Immunological cells and antibodies in the blood do not neces-
sarily reflect what is present in an infected tissue (Masopust
and Soerens, 2019). It is therefore important to understand the
relationship between the immune response in the blood and
the immune response in tissues and to directly measure immune
responses in affected tissues whenever possible. Currently,
such data are limited for COVID-19 patients. Nevertheless,
data indicate that blood measurements are largely reflective of
the local immune response.

With antibodies, both IgG and IgA are secreted at mucosal tis-
sues. Encouragingly, most individuals are positive for Spike 1IgG
and IgA in blood (referenced above), and Spike IgG and IgA levels
in blood were indicative of levels in saliva (Isho et al., 2020). Anti-
RBD secretory IgA has enhanced SARS-CoV-2 neutralization po-
tency because secretory IgA is dimeric (Wang et al., 2020b). Data
for SARS-CoV-2 antibodies in lungs are very limited, but given the
tight relationship between the lungs and the circulatory system, it
is expected that blood IgG and IgA levels are reflected in the lung
airways. With T cells, low SARS-CoV-2 T cell frequencies in circu-
lation are associated with severe COVID-19, but a concern has
been that the SARS-CoV-2-specific T cells may not be in blood
because they redistributed to lungs. However, one early study
of bronchoalveolar lavage samples from COVID-19 patients found
more T cells from lungs of moderate cases compared to severe
cases (Liao et al., 2020), consistent with a primary association of
T cells with protection, not immunopathology. Two recent studies
have also found a lack of T cells in COVID-19 bronchoalveolar
lavage samples (Oja et al., 2020; Szabo et al., 2020), including a
lack of SARS-CoV-2-specific CD4* T cells with a tissue-resident
phenotype (Oja et al., 2020). T cells that permanently stay in
non-lymphoid tissues, such as lung, are known as tissue-resident
memory T cells (Trm) (Figure 4). Presence of T cells in COVID-19
bronchoalveolar lavages was associated with younger age and
survival (Szabo et al., 2020). In contrast, neutrophils are highly en-
riched in both blood and lungs in severe or fatal COVID-19. Thus,
although much more research is needed, particularly of the URT,
measurements of adaptive immunity in blood appear to be a pass-
able reflection of the lung and oral cavity in the context of SARS-
CoV-2 infection.
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Heterogeneity in adaptive immunity in different people
Heterogeneity is a major factor in COVID-19 and immune re-
sponses to SARS-CoV-2. There is wide heterogeneity in
COVID-19 disease severity, ranging from asymptomatic to fatal.
There is heterogeneity in the innate immune responses to SARS-
CoV-2, and heterogeneity has been observed in broad studies of
adaptive immunity in acute patients (Mathew et al., 2020). There
is an ~1,000-fold range in the magnitude of antibody responses
to SARS-CoV-2, as well as heterogeneity in the magnitude of
SARS-CoV-2-specific CD4" T cell and CD8* T cell responses
(Grifoni et al., 2020; Rydyznski Moderbacher et al., 2020). This
person-to-person variation also persists in immune memory
(see Immune Memory). For any given facet of immunity, it is
important to keep the scale of the heterogeneity in perspective
(i.e., does a specific example or scenario represent 10% of infec-
tions or 0.001% of infections?). It is worthwhile to consider some
putative sources of COVID-19 heterogeneity as they relate to
adaptive immunity. The human immune system is inherently
diverse from person to person—the vast numbers of HLA alleles
is the clearest example of this—and this high degree of immuno-
logical diversity is an evolutionary strategy of humans. Thus,
there is no scenario where 100% of people respond to a viral
infection in an identical manner. Pre-existing immunity may
also contribute to the heterogeneity of COVID-19 in the popula-
tion, which is discussed in a later section.
Age
Age is the largest risk factor for severe or fatal COVID-19.
Compared to a 20-year-old, a 65-year-old individual in the
United States has a 90x higher risk of death from COVID-19,
and an individual 75 years old has a 200x higher risk of death
(Centers for Disease Control and Prevention, 2020). Older indi-
viduals are less likely to make a coordinated adaptive immune
response to SARS-CoV-2 (Rydyznski Moderbacher et al,
2020). AT cell response to any new viral infection depends on
the repertoire of naive T cells. Notably, it is well characterized
that the abundance of naive T cells declines substantially with
age (Briceno et al., 2016; Qi et al., 2014; Wertheimer et al.,
2014). COVID-19 disease severity was inversely correlated with
the frequency of naive T cells (Mathew et al., 2020; Rydyznski
Moderbacher et al., 2020). Together, data indicate that T cell
responses are important for prevention of severe COVID-19 (Ry-
dyznski Moderbacher et al., 2020), early T cell responses are bet-
ter (Tan et al., 2020a), progression to a SARS-CoV-2 infection to
severe COVID-19 is relatively slow, and the older the person is
the more likely they possess a naive T cell pool insufficient to
make a detectable SARS-CoV-2 T cell response or make a
SARS-CoV-2 T cell response so slowly that the virus has too
much of a head start to be overcome. This situation could be
exacerbated by a general delay in priming of T cell responses
due to early innate immune evasion by SARS (Arunachalam
et al.,, 2020; Zhou et al., 2020b). In small animal models of
SARS, old age is associated with greatly increased susceptibility
to fatal infection, which was, at least in part, due to an insufficient
T cell response connected to the presence of fewer professional
antigen presenting cells (Sariol and Perlman, 2020).

The extreme shift in COVID-19 risk profile across age groups is
likely due to multiple factors, at least some of which are not
immunological. Nevertheless, the available data indicate that
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poor adaptive immunity to SARS-CoV-2 is at least one risk factor
for the elderly. This observation has implications for COVID-19
vaccines. High risk groups such as the elderly are a major pop-
ulation target for any successful COVID-19 vaccine. If slow
CD4* T cell responses are a major risk factor for COVID-19 in
the elderly, this is encouraging news for vaccine development,
as one of the major strengths of immunization is that it removes
the time component for generation of protective immunity (see
Vaccines below).

Pediatric SARS-CoV-2 infections are not well understood.
There are conflicting reports regarding the relative susceptibility
of children to infection and the amount of virus shed by children.
What is clear is that children <13 years of age generally have mild
or no symptoms. Children make SARS-CoV-2 antibody re-
sponses distinct from adults (Weisberg et al., 2021). In rare
cases, infected children develop MIS-C syndrome, which ap-
pears to be an autoimmune condition that develops post-infec-
tion (Consiglio et al., 2020; Gruber et al., 2020), conceptually
similar to Kawasaki’s disease. MIS-C is successfully treated
with anti-IL-6 and or IVIG (Gruber et al., 2020).

Gender, racial, and ethnicity effects

Men are at a somewhat greater risk than women for severe
CQOVID-19. There are differences in the immune systems of
men and women (Bunders and Altfeld, 2020). For SARS-CoV-
2, no clear functional differences have been observed in adap-
tive immune responses to date (Bunders and Alifeld, 2020).
Antibody titers are higher in men in some studies (Dan et al.,
2021; Robbiani et al., 2020; Shrock et al., 2020). No significant
differences in SARS-CoV-2-specific T cell responses have
been observed (Dan et al., 2021; Peng et al., 2020). Notably,
as described above, ~10% of severe COVID-19 cases are in
people with type | IFN autoantibodies, and strikingly, over
90% of those cases were men (Bastard et al., 2020). Thus,
gender difference in severe COVID-19 may predominantly track
back to type | IFN-related defects or other innate immune differ-
ences. Reduced expression of the type 1 IFN receptor gene IF-
NAR2 has been associated with severe COVID-19 in a genome-
wide association study, consistent with an important role of
early innate antiviral immunity in control of SARS-CoV-2
(Pairo-Castineira et al., 2020). In contrast, CCR2 expression,
an important chemokine receptor of monocytes and macro-
phages, was positively associated with severe disease in the
same study, consistent with a major myeloid cell component
to COVID-19 lung inflammation.

Given the long history of misattribution of physiological fac-
tors or genetic factors and race, it is prudent to set a high bar
for any conclusions of racial and ethnicity components to
COVID-19 susceptibility. Socioeconomic factors and cultural
behaviors clearly affect likelihood of acquisition of SARS-
CoV-2 infection (Yehia et al., 2020). For example, people
who continue to work during a lockdown are at higher risk
than those who work from home. Geographical differences
also exist in the COVID-19 pandemic in different countries
around the globe, and it is currently unclear what the sources
of those differences may be, although differences in living con-
ditions are common. Circulation of other HCoVs has been
speculated to play a possible role (see Pre-existing immunity
section).
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Seronegative SARS-CoV-2-experienced subjects
Among COVID-19 cases, almost all individuals become sero-
positive, and almost all individuals become positive for SARS-
CoV-2 CD4* T cells. The magnitude of the Spike-specific CD4*
T cell response correlates with Spike IgG (Grifoni et al., 2020; Ry-
dyznski Moderbacher et al., 2020; Peng et al., 2020). However, at
least some individuals are low or negative to commercial IgG as-
says, while retaining detectable SARS-CoV-2 CD4* T cells. Cur-
rent estimates are these individuals represent 1%-10% of PCR-
confirmed SARS-CoV-2 infections (Gudbjartsson et al., 2020;
Lipsitch et al., 2020; Nelde et al., 2021; Schwarzkopf et al.,
2021; Sekine et al., 2020). This is not unlike what had been
observed for MERS (Sariol and Perlman, 2020). Given that
asymptomatic cases of SARS-CoV-2 infection tend to have
lower Spike and nucleocapsid IgG titers (Piccoli et al., 2020), it
is plausible that asymptomatic cases are enriched for individuals
with undetectable antibodies by commercial serological assays
but possess circulating SARS-CoV-2 T cells (one confounding
factor is that many commercial serological assays have limited
sensitivity for low level Spike IgG). Alternatively, some asymp-
tomatic cases may have robust early T cell responses resulting
in absence of clinical disease symptoms.
Heterogeneity in viral loads and tissue distribution
There are few studies that have simultaneously tracked viral
loads and adaptive immune responses. This remains a crucial
knowledge gap for understanding adaptive immunity to SARS-
CoV-2 in humans. It appears that peak viral loads can vary
>100,000-fold between cases (Magleby et al., 2020; Wolfel
et al., 2020), and duration of viral replication can vary greatly,
with shedding of viral RNA in stool samples reported from 0 to
42 days (Wang et al., 2020a) and evidence of virus in gut epithe-
lium ~90 days post-infection in some individuals (Gaebler et al.,
2020). Viral replication in immunocompromised patients can last
100 days or more (Avanzato et al., 2020; Choi et al., 2020), not
unlike what is observed for poliovirus, which can replicate in
the gut of immunocompromised individuals for months in the
absence of any reported clinical symptoms (Burns et al., 2014).
In addition to the URT and lungs, COVID-19 can involve the
oral cavity, gut, and heart (Gaebler et al., 2020; To et al., 2020;
Topol, 2020). Much more work needs to be done to understand
adaptive immune responses in those tissues and how much vari-
ation there is from person to person. Last, it is unknown to what
degree the heterogeneity of COVID-19 and adaptive immunity to
SARS-CoV-2 is intrinsic to the virology and pathology of SARS-
CoV-2, versus heterogeneity being predominantly intrinsic to the
human population and would be observed for any new virulent,
highly contagious respiratory virus unleashed on alarge, non-im-
mune population.
Long COVID
Post-acute sequelae are observed in a substantial fraction of
symptomatic COVID-19 cases (Dennis et al., 2020; Sudre
et al.,, 2020). These conditions are commonly called “long
COVID” or “long haulers.” The most common post-acute
sequelae are fatigue, reduced lung capacity, and inability to fully
exercise or work. Rarer sequelae include vision problems, cogni-
tive deficiencies, and a range of other outcomes, the frequencies
of which are currently unclear. It is known that ICU care for any
medical reason is associated with long-term recovery issues,
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including physical impairments, psychological problems, and
cognitive impairments (Herridge et al., 2011; Pandharipande
et al., 2013). Of note, COVID-19 post-acute sequelae are not
restricted to severe COVID-19 cases (Dennis et al., 2020; Sudre
et al., 2020). It is not known if these individuals experienced
longer viral replication overall, longer viral replication in certain
tissues, or whether some individuals had pre-existing medical
conditions that became clinically fulminant upon SARS-CoV-2
infection (National Institute of Allergies and Infectious Diseases,
2020). It is also not known if these individuals have different
adaptive immune responses to SARS-CoV-2. These are impor-
tant areas for future biomedical research.

Pre-existing immunity

SARS-CoV-2 is a novel human pathogen. SARS-CoV-2 is a
member of the coronavirus family that includes human coronavi-
ruses (HCoVs) HCoV-0OC43, HCoV-HKU1, HCoV-229E, and
HCoV-NL63 —betacoronaviruses and alphacoronaviruses that
cause common colds. SARS-CoV-2 is relatively distantly related
to those four endemic HCoVs, with <10% aa identity in the Spike
RBD. As a result, cross-reactive circulating anti-Spike cross-
neutralizing antibodies are rare (Amanat et al., 2020; Okba
et al., 2020; Suthar et al., 2020; Tan et al., 2020b; Wec et al.,
2020), as are cross-reactive Spike memory B cells (see above).
In contrast, substantial cross-reactive T cell memory has been
reported, measurable in ~28%-50% of people, depending on
the study (Le Bert et al., 2020; Braun et al., 2020; Grifoni et al.,
2020). The majority of the SARS-CoV-2 cross-reactive T cells
are CD4* T cells (Grifoni et al., 2020). These have been demon-
strated to be memory T cells and many are memory T cells to
common cold coronaviruses with conserved epitopes (Mateus
et al., 2020). Cross-reactive CD8" T cells are observed less
frequently (Grifoni et al., 2020), but may still be biologically rele-
vant (Schulien et al., 2020).

The presence of cross-reactive memory T cells capable of
recognizing SARS-CoV-2 in a fraction of the population is
intriguing, because it opens the possibility of some degree of
pre-existing immunity in the population (Sette and Crotty,
2020). Cross-reactive T cells can provide some degree of pro-
tective immunity against respiratory viral infections, as seen in
the influenza H1N1 2009 pandemic (Sridhar et al., 2013; Wilkin-
son et al., 2012). The different ways in which such immunity may
manifest for SARS-CoV-2 infection are discussed elsewhere
(Lipsitch et al., 2020). Epidemiological evidence from a large
cohort now supports the possibility of some degree of pre-exist-
ing immunity (Sagar et al., 2021). SARS-CoV-2 infected individ-
uals with a laboratory confirmed HCoV infection within the
previous 3 years were at significantly lower risk for ICU admis-
sion, after controlling for age and other factors. Firmer evidence
will likely require pre- and post-infection T cell measurements
with clear distinctions of individuals who have been exposed to
SARS-CoV-2. Cross-reactive memory T cells are also of interest
as it relates to COVID-19 vaccines, as people with cross-reactive
T cells may respond differently to vaccines than people without
such memory (Sette and Crotty, 2020).

Finally, although cross-reactive memory B cells are rare in
adults, imprinting of antibody responses based on memory B
cells to related viruses may impact protective immunity (Aydillo
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et al., 2020; Gostic et al., 2016). Nevertheless, given that most
human antibodies against SARS-CoV-2 Spike have little somatic
hypermutation (SHM), the majority of the SARS-CoV-2 Spike
antibody response in adults appears to be a de novo response
by naive B cells, discussed above.

Immune memory and protection from re-infection

There are four major components of immunological memory to
viruses: antibodies, memory B cells, memory CD4* T cells, and
memory CD8" T cells (Figure 1). In addition, subtypes of each
of those memories, and local tissue immunological memory,
may also be important. Immune memory is the source of protec-
tive immunity from a subsequent infection (Orenstein and
Ahmed, 2017; Piot et al., 2019; Plotkin et al., 2018). There has
been great trepidation that SARS-CoV-2 infection fails to induce
immune memory and fails to induce protective immunity. There
are several intertwined topics. Does SARS-CoV-2 induce
immune memory? What kind of immune memory is or is not
generated? Does the memory protect from SARS-CoV-2 re-
infection? Does the memory protect from 2° COVID-19 disease?
How durable is the immune memory?

In the context of SARS-CoV-2, much of the concern has come
from the perspective that infection with common cold HCoVs
fails to induce durable protective immunity. This is a controver-
sial topic. Much of that conclusion derives from a particular inter-
pretation of a human challenge study from 1990 (Callow et al.,
1990). That study, by the British Common Cold Unit, was excel-
lent work but is subject to differing interpretations. Volunteers
were challenged intranasally with HCoV-229E. Ten of the 15 vol-
unteers became infected and 8 developed clinical cold symp-
toms. Of note, 5 of the 15 did not become infected, and those
5 had significantly higher IgA and IgG titers. Next, the donors
were recalled 11 months later and challenged intranasally again
with HCoV-229E. Of the original infected group, 6 out of 9
became reinfected, thus resulting in the conclusion that immu-
nity was short-lived. However, none of the individuals developed
colds. Additionally, infection was judged based on viral shedding
for at least 1 day or a change in antibody titer. Notably, the mean
duration of shedding among positive subjects was 2.0 days
instead of the 5.6 days seen in the first challenge. Therefore, at
face value, immune memory provided sterilizing immunity in
33% of subjects, protective immunity from disease in 100% of
subjects, and a 65% reduction in duration of viral shedding.
Another similar, independent, study by the Common Cold Unit
found 100% protection from re-infection with a homologous
HCoV-229E 8-12 months later (Reed, 1984). Thus, the studies
provide evidence for immune memory that at least provided pro-
tection from clinical symptoms and reduced viral shedding; this
also provides support for the potential efficacy of a SARS-CoV-2
vaccine.

A 30-year longitudinal serological study provides an opportu-
nity to estimate re-infections by HCoVs (Edridge et al., 2020).
Although the study is limited to ten subjects, it is confounded
by the high degree of cross-reactive nucleocapsid antibodies
between common cold HCoVs, and the conclusions were that
reinfections are common, the data are also open to multiple
interpretations, and HCoV reinfection appears to be context-
dependent. For HCoV-HKU1, a betacoronavirus like SARS-
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CoV-2, if one assumes that a change in nucleocapsid IgG titers
should be assigned to a single viral infection with the highest titer
(due to cross-reactivity), the data indicate that only a single indi-
vidual experienced two HCoV-HKU1 infections, which were 19
years apart. For HCoV-OC43, the other common cold betacoro-
navirus, individuals appeared to experience between zero and
four infections over the 20-35 years of the study. No clinical
symptoms information was available, so it is unknown if the in-
fections were symptomatic. In an extreme example, one individ-
ual appeared to have nine HCoV-NL63 infections over 21 years
of study. There also remains the possibility that one or more
endemic HCoVs have heterologous strains that do not cross-
protect (Baumgarth et al., 2020).

Studies of immune memory to SARS-CoV, the most related
coronavirus to SARS-CoV-2, are limited, but there have been
notable findings. Memory T cells have been detected 17 years
after SARS infection (Le Bert et al., 2020). Memory B cells
were reportedly lost within 6 years (Tang et al., 2011), but neutral-
izing antibodies were detectable for 17 years (Tan et al., 2020b).
MERS has been less well studied, but MERS Spike IgG did not
persist for 2 years in mild or subclinical cases, whereas T cell
memory did persist (Sariol and Perlman, 2020). T cell memory
in tissues (Trm) to these viruses has not been studied in humans,
but such Trms may be key players in restricting re-infection in
URT and lungs (Figure 4) (Lipsitch et al., 2020; Zhao et al.,
2016). Given that T cell memory has a role in protection from
influenza disease severity in humans (Greenbaum et al., 2009;
Sridhar et al., 2013; Wilkinson et al., 2012), and with the evidence
described above for SARS-CoV-2 T cells, it seems unlikely that
T cell memory would not have some protective effects against
2° COVID-19 in humans.

Immune memory to SARS-CoV-2

Does SARS-CoV-2 induce immune memory? Immunological
memory is not straightforward to predict. Data from at least
6 months post-infection are needed to define the likelihood of
immune memory to SARS-CoV-2 lasting for years or not. There-
fore, because SARS-CoV-2 is a new virus in humans, data on
immune memory to the virus are limited. The simplest feature
of immune memory to measure is circulating antibodies. Data
from two large (>1,000 subjects) studies—one cross-sectional
and one longitudinal—have indicated that circulating SARS-
CoV-2 IgG titers are well maintained for 3-4 months (Gudbjarts-
son et al., 2020; Wajnberg et al., 2020). A different large study
has instead observed ~25% of cases becoming seronegative
over the course of 6 months (Ward et al., 2020); however, that
study depended on self-administered lateral flow tests that
had limited sensitivity (84%). Circulating and saliva Spike IgA ti-
ters decline faster than IgG titers early on (Isho et al., 2020). Mul-
tiple studies determined that Spike memory B cells were present
at least ~30-90 days post-infection (Juno et al., 2020; Nguyen-
Contant et al., 2020; Rodda et al., 2021). Virus-specific memory
B cells, antibodies, and memory T cells were detected in mild
COVID-19 cases at ~90 days post-infection (Rodda et al., 2021).

A few studies are now available that have assessed T cell and
B cell memory at 6 or more months post-infection. Specifically
assessing T cells at 6 months post-infection in 95 subjects,
one study found ~90% positive for memory CD4* T cells and
~70% positive for memory CD8* T cells (Zuo et al., 2020a).
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Memory CD4* T cells were more abundant than memory CD8*
T cells. In an independent study, using different experimental
techniques, 90% of cases were positive for memory CD4*
T cells and 70% were positive for memory CD8" T cells at 6+
months post-infection (Dan et al., 2021). The majority of the
memory CD8" T cells had a terminally differentiated effector
memory cell phenotype (Tgmra) (Dan et al., 2021). The CD4*
T cell memory predominantly consists of Th1 and Tfh cells
(Dan et al., 2021; Zuo et al., 2020a). Notably, the study by Zuo
et al. (2020a) included a large fraction of asymptomatic subjects
(44%), and still almost all of the asymptomatic cases had detect-
able T cell memory and only moderately lower levels than symp-
tomatic cases. The mixed cross-sectional and longitudinal
design of the study by Dan et al., 2021) estimated the durability
of both CD4* and CD8* T cell memory to have half-lives of ~3-
5 months. Those estimates match that of the yellow fever virus
vaccine (Akondy et al., 2017), which has very long-lasting protec-
tive immunity. It is possible, but not certain, that the decay of
T cellmemory slows over time (Akondy et al., 2017; Hammarlund
et al., 2003), which would be consistent with the observation of
SARS-CoV memory T cells 17 years post-infection (Le Bert
et al., 2020).

Memory B cells have been assessed at 6 months post-COVID-
19 in multiple studies (Dan et al., 2021; Gaebler et al., 2020). Ina
cohort of 188 cases, memory B cells specific for Spike, RBD, and
nucleocapsid were each detectable in 100% of subjects at 6+
months post-infection (Dan et al., 2021). Almost all of the
Spike-specific memory B cells were IgG, with only ~5% IgA rep-
resentation (Dan et al., 2021). IgG RBD memory B cells were also
consistently found in an independent cohort (Gaebler et al.,
2020). Notably, frequencies of RBD (and Spike) memory B cells
increased over time, with more RBD memory B cells at 6 months
PSO than at 1 month PSO (Dan et al., 2021; Gaebler et al., 2020),
consistent with observations at 3 months PSO (Rodda et al.,
2021). In addition to increased frequencies of RBD memory B
cells at 6 months PSO, the cells had undergone affinity matura-
tion and expressed higher potency neutralizing antibodies (Gae-
bler et al., 2020), consistent with extended germinal center re-
sponses after a viral infection (Cyster and Allen, 2019).

The study by (Dan et al., 2021) (by authors of this review) is
notable for including memory B cells, memory CD4" T cells,
memory CD8* T cells, and antibodies. There are very few studies
comparing all four of those compartments of immune memory to
aviral infection in the same individuals; this was by far the largest
such study. The five measurements of RBD IgG, Spike IgA, RBD-
specific memory B cells, SARS-CoV-2-specific CD4" T cells,
and SARS-CoV-2-specific CD8" T cells were used as metrics
to gauge the quality of immune memory to SARS-CoV-2, due
to their potential roles in protective immunity from 2° COVID-
19. The majority of COVID-19 cases were positive for all five of
those immune memory compartments at ~1 month PSO. By
5+ months PSO, ~95% of individuals were still positive for at
least three out of five SARS-CoV-2 immune memory compart-
ments (Dan et al., 2021). Of note, heterogeneity is a defining
feature of COVID-19 immune memory. Virus-specific antibody,
memory B cell, memory CD4* T cell, and memory CD8" T cells
spanned large ranges between individuals, and changed with
differing patterns over time. Antibody titers were not a surrogate
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indicator of the magnitude of memory T cells (Dan et al., 2021),
suggesting that simple antibody serodiagnostic tests will not
be a robust indicator of protective immunity in people previously
infected with SARS-CoV-2. Much more data on immune memory
are expected in the coming months, but data so far indicate that
T cell memory, B cell memory, and antibodies are all likely to
persist for years in most individuals infected by SARS-CoV-2
(Dan et al., 2021; Gaebler et al., 2020; Wajnberg et al., 2020;
Zuo et al., 2020a).

Protection from re-infection or 2° COVID-19

In the context of re-infection, immune memory can be present,
thus the initial race between virus and priming of adaptive immu-
nity is removed from the equation. Sterilizing immunity against
viruses can only be accomplished by high-titer neutralizing anti-
bodies, and it has been demonstrated that passive transfer of
neutralizing antibodies in advance of SARS-CoV-2 infection
(mimicking the conditions of 2° infection) can effectively prevent
or limit URT infection, lung infection, and symptomatic disease in
animal models (Baum et al., 2020; Rogers et al., 2020; Zost et al.,
2020). Nevertheless, successful protection against clinical dis-
ease can be accomplished by other forms of adaptive immune
memory. The relatively slow course of severe COVID-19 in hu-
mans (median 19 days PSO for fatal cases) (Zhou et al., 2020a)
leaves open the reasonable possibility that protective immunity
against symptomatic or severe 2° COVID-19 may very well
involve memory compartments such as circulating memory T
and B cells (Altmann and Boyton, 2020; Baumgarth et al.,
2020). Memory B and T cells can take several days to reactivate
and generate recall responses. Mechanisms of protection can
vary based on the kinetics of the infection. For example, clinical
hepatitis after hepatitis B virus (HBV) infection is prevented by
immune memory even without vaccine-elicited circulating anti-
bodies, because of the relatively slow course of HBV disease
(Van Damme and Van Herck, 2007; Rosado et al., 2011).

Direct evidence of protection from re-infection first came from
two nonhuman primate studies. Animals infected with SARS-
CoV-2 were protected from a high dose re-challenge with
SARS-CoV-2 1 month later, and protection was associated
with neutralizing antibodies (Chandrashekar et al., 2020; Deng
et al., 2020). A shortcoming of each of those reports is that the
time passed between the initial infection and the re-challenge
was short, thus the data do not speak to how durable protective
immunity is against SARS. Additionally, although the current
nonhuman primate models are quite valuable, infection requires
high doses of SARS-CoV-2, and the disease kinetics are rela-
tively short and mild. An important new nonhuman primate study
has shown that depletion of CD8" T cells reduces protection
from re-infection in the URT (McMahan et al., 2020). This is the
first direct evidence for a role of CD8* T cells in protective immu-
nity from COVID-19, and it likely reflects the presence of CD8*
Trm cells in nasal passages that developed in response to the
primary infection. It is notable that the impact of the CD8*
T cells was observed in the URT by day 1 post-infection. Addi-
tionally, depletion of CD8"* T cells had essentially no effect on
protection of lungs; few animals had even briefly detectable virus
in lungs, even after intratracheal administration of SARS-CoV-2,
indicating that other components of adaptive immune memory
suffice to control virus in lungs of previously infected animals.
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Direct evidence of protection of humans from 2° COVID-19
thus far comes primarily from two studies. An ~118-day study
in the United Kingdom of ~2,800 individuals observed no symp-
tomatic re-infections (Wyllie et al., 2020), whereas an ~1,200
person study observed no symptomatic re-infections over
6 months (Lumley et al., 2020). Although SARS-CoV-2-specific
T cells and antibodies were observed in those studies, specific
correlates of protection can only be established by studies
observing a significant number of re-infections over time. There
are anecdotal examples of SARS-CoV-2 re-infection, but unfor-
tunately there is currently insufficient information to tell how rare
re-infections are and whether they occur in individuals with
detectable immune memory. For most viral infections that elicit
immunological memory, protective immunity from re-infec-
tion—or at least re-infection resulting in clinical disease—lasts
for multiple years or more in most individuals.

SARS-CoV-2 variants

SARS-CoV-2 genetic variation has been a topic of intense inter-
est. Whether SARS-CoV-2 will be able to exhibit sufficient ge-
netic flexibility to escape humoral immune responses in the
near term is unclear. Many RNA viruses, such as measles and
polioviruses, exhibit antigenic stability and unchanging sero-
types over periods of many years. As a result, the measles and
polio vaccines remain highly effective now, 70 years after they
were first introduced. Although the situation for any coronavirus
is unclear, it is highly unlikely that SARS-CoV-2 mutations would
escape T cell immunity, because a very broad array of SARS-
CoV-2 epitopes are recognized in humans with COVID-19 (Gri-
foni et al., 2020) consisting of CD4* and CD8" T cell responses
to >10 epitopes distributed throughout the SARS-CoV-2
genome, which vary from person to person (Tarke et al., 2020).
For antibody responses, SARS-CoV-2 mutations exist that could
affect individual neutralizing antibody epitopes. However, a key
attribute of the neutralization epitopes on SARS-CoV-2 Spike
is that the surface area on RBD that is targeted by neutralizing
antibodies is large enough that no single viral mutation is ex-
pected to avoid neutralization by polyclonal human serum (Li
et al., 2020a; Thomson et al., 2020). This is consistent with the
broad range of SARS-CoV-2 neutralizing antibodies isolated
from humans, indicating that SARS-CoV-2 is a relatively easy
neutralization target that elicits a diverse array of antibodies in
each person (see Antibodies and B cells section, above). The
Spike D614G variant that is now globally common (that binds
ACE2 more tightly and is more transmissible) (Hou et al., 2020;
Korber et al., 2020) is neutralized by plasma from subjects in-
fected with the original D614 virus (Korber et al., 2020). The Spike
N439 variant has enhanced binding to ACE2 but has been shown
to still be robustly neutralized by serum from the vast majority of
COVID-19 patients (Thomson et al., 2020). Thus, although it is
important to track SARS-CoV-2 evolution, it is unlikely that the
virus will be able to evolve escape variants that avoid the majority
of humoral and cellular immune memory in COVID-19 cases or
COVID-19 vaccine recipients soon.

Vaccine-elicited immunity

Immune memory is the source of protection by almost all vac-
cines, and thus COVID-19 vaccine development is closely tied
to the topic of immunological memory. Immune memory and
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immunological features of protective immunity to SARS-CoV-2
are discussed above. Recent excellent reviews summarized
the status of the major COVID-19 candidate vaccines and vac-
cine trials around the world (Klasse et al., 2020; Krammer,
2020), and interim results from the Pfizer/BioNtech RNA
COVID-19 and Moderna vaccine phase 3 clinical trials have sub-
sequently been released. An ideal COVID-19 vaccine would elicit
long-lasting high titer neutralizing antibody titers and would pro-
vide sterilizing immunity to prevent disease and onward trans-
mission. Even if that is not accomplished, a vaccine could still
be highly effective at preventing serious COVID-19 disease. If
the neutralizing antibody titers are sufficient to blunt the size of
the viral inoculum, the presence of memory T cells may control
the infection. The working model described above (Figure 2),
with severe COVID-19 cases being associated with a failure to
make a T cell response fast enough during natural infection
with SARS-CoV-2, is good news for vaccines, because vaccines
overcome/bypass the speed problem of adaptive immunity and
T cell responses. Priming of the immune system by a vaccine
happens well in advance of virus exposure. Additionally, the find-
ings that Spike is a good target for CD4* T cell responses, Tfh cell
responses, and CD8" T cell responses in SARS-CoV-2-infected
people is good news for vaccine development (Grifoni et al.,
2020; Juno et al., 2020; Rydyznski Moderbacher et al., 2020;
Peng et al., 2020), because almost all COVID-19 vaccines target
Spike only.

Although lung infection is a major component of severe
COVID-19 (and relatively slow), URT infection is important for
transmission. Notably, a vaccine that can prevent severe dis-
ease, or even most URT symptomatic diseases, would not
necessarily prevent transmission of virus. For example, the cur-
rent pertussis vaccine prevents clinical disease but not infection,
and probably not transmission (Warfel et al., 2014), and much
SARS-CoV-2 transmission occurs early, during the pre-symp-
tomatic phase (He et al., 2020). Several non-human primate
COVID-19 vaccine studies are consistent with the possibility of
COVDI-19 vaccines preventing severe disease in humans but
possibly not preventing URT infection (Corbett et al., 2020; van
Doremalen et al., 2020; Gao et al., 2020; Guebre-Xabier et al.,
2020; Mercado et al., 2020; Tostanoski et al., 2020; Vogel
et al., 2020; Yu et al., 2020). It is plausible that SARS-CoV-2
infection may elicit better protective immunity in the URT than
any of the major current COVID-19 vaccine candidates, because
infection occurs at that site and is therefore more likely to elicit
tissue-resident memory. Tissue-resident T cells were relevant
for protective immunity in a SARS mouse model (Zhao et al.,
2016) and B. pertussis infection versus pertussis immunization
(Kapil and Merkel, 2019), but more needs to be learned about
local immunity to SARS-CoV-2. A number of human vaccines
against respiratory pathogens do not depend on local T cell
memory, or are very unlikely to elicit URT T cell memory, such
as measles, smallpox, and flu vaccines, as well as RSV vaccines
in clinical trials.

The elderly present particular and important challenges for
COVID-19 vaccines. Older individuals are at much higher risk
for severe COVID-19. This risk is surely multifactorial, but it ap-
pears that one component of the risk is poor T cell responses
due in part to a more limited naive T cell repertoire (Rydyznski
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Moderbacher et al., 2020). COVID-19 vaccines may overcome
this problem. One key feature of vaccines is that immunization
occurs well in advance of infection, giving the adaptive immune
system time to respond, expand, and mature. These factors
highlight the likely importance of measuring T cell responses to
COVID-19 vaccines in the elderly.

Interim phase 3 vaccine trial results

The recent interim results from the Pfizer/BioNtech phase 3 trial
were extraordinary news (November 9'). Although it was an
interim analysis, the vaccine had 95% efficacy at preventing dis-
ease, with 170 COVID-19 cases for the U.S. Food and Drug
Administration (FDA) to evaluate (94 cases in the initial release)
(U.S. Food and Drug Administration, 2020b). The vaccine is
also safe, having been injected into over 20,000 people, with
two doses (>40,000 immunizations) and no serious safety con-
cerns (U.S. Food and Drug Administration, 2020b). That is
consistent with the safety of the phase 1 vaccine trial (Walsh
et al., 2020). The vaccine (BNT162b2) is an RNA vaccine, deliv-
ered in a lipid nanoparticle, with the RNA encoding a full-length
(membrane anchored) SARS-CoV-2 Spike (Walsh et al., 2020)
with trimer stabilization mutations (P-P) (Pallesen et al., 2017;
Wrapp et al., 2020). The Moderna RNA vaccine mRNA-1273 is
also a full-length (membrane-anchored) SARS-CoV-2 Spike
with P-P trimer stabilization mutations.

BNT162b2 vaccine protection was reported based on symp-
tomatic cases, not number of infections. This endpoint was
decided on because preventing systemic disease is the primary
goal of COVID-19 vaccines, and it would be extraordinarily
challenging to check 40,000 people for SARS2 infections contin-
uously for months. This clinical trial (and others) tracked self-re-
ported symptoms, and subjects with symptoms were then
tested to confirm SARS-CoV-2 infection. Some observers were
surprised that >90% vaccine efficacy was possible, but many
vaccines are close to 100% effective, including vaccines against
respiratory pathogens such as smallpox and measles.

In phase 1 trials, the Pfizer BNT162b2 COVID-19 vaccine eli-
cited neutralizing antibody titers somewhat better than SARS-
CoV-2 natural infection, over the short term (Walsh et al.,
2020). T cell data were not reported for BNT162b2, but phase
1 trial data for the related vaccine BNT162b1 (encoding only
the Spike RBD domain instead of full-length Spike) showed
robust CD4* T cell and CD8" T cell responses, with the CD4*
T cell response largely consisting of Th1 cells (Sahin et al.,
2020). Immune responses in the elderly are another major topic
of interest. The Pfizer BNT162b2 vaccine has been tested for
immunogenicity in individuals >65 years old, and the results
were limited but encouraging. Antibody responses were similar
in both age groups (T cell data were not reported) (Walsh et al.,
2020). Interim vaccine efficacy phase 3 trials results indicated
equivalent protection in older and younger age groups (94%
and 95%) (U.S. Food and Drug Administration, 2020b).

Interim results from the Moderna RNA vaccine (MRNA-1273,
developed in collaboration with the NIH Vaccine Research Cen-
ter) phase 3 trial were released 1 week after Pfizer (November
16'"). 94% efficacy at protection from COVID-19 was reported,
with 196 total cases to evaluate in the FDA review (Baden
etal., 2020). There were 30 severe cases of COVID-19 in the trial,
all of which were in the placebo group, indicated the Moderna
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vaccine works very well at preventing severe COVID-19 (Baden
et al., 2020). Overall, the interim results from the two COVID-19
RNA vaccine trials were virtually identical, with 94% and 95% ef-
ficacy and similar other outcomes. The safety profile of the two
vaccines is also excellent, with a combined >70,000 doses
administered and no serious adverse events. Both vaccines
received Emergency Use Authorization from the FDA in
December.

The interim phase 3 trial results were very encouraging, and the
biggest unknown now is probably the durability of the vaccine-
induced immunity. Because there is no licensed RNA vaccine,
no clear reference point exists for how durable immunity will be
for this vaccine. Are the antibodies durable? Is the T cell memory
durable? Is the B cell memory durable? Those are all important
questions, and it will take time to answer them. Two RNA vaccine
studies encoding other antigens did not see durable antibody
titers in humans or non-human primates (Feldman et al., 2019;
Monslow et al., 2020). However, those studies were with other
antigens and different vaccine formulations. A first look at anti-
body titers 90 days after the 2" immunization with Moderna
mRNA-1273 indicated a robust maintenance of RBD IgG titers,
which is an encouraging early sign (Widge et al., 2021).

Prevention of transmission is also an important topic. The
Pfizer and Moderna clinical trials were not designed to test
this, but in the Moderna trial there were swab tests on the day
of the second immunization. There were substantially fewer
asymptomatic infections detected in the vaccinated group after
a single immunization (67% reduced) (U.S. Food and Drug
Administration, 2020a). It will be important to gather much
more extensive data, but the early observation is encouraging.
In both the Pfizer and Moderna clinical trials, a subset of trial par-
ticipants will be tested for antibodies against Nucleocapsid,
which will generally reveal whether study subjects have become
infected with SARS-CoV-2 after immunization.

Interim phase 3 study results for the AstraZeneca/Oxford ChA-
dOx1 were also released in November. Per protocol, efficacy
against COVID-19 was 62% and overall efficacy was 70% (131
total cases) (Voysey et al., 2021). Efficacy against asymptomatic
SARS-CoV-2 infection was 27%. The vaccine also had only
moderate efficacy in a nonhuman primate protection study
(van Doremalen et al., 2020), and this vaccine does not incorpo-
rate a stabilized Spike. Interim efficacy was 90% in a subgroup of
the clinical trial that inadvertently received a lower priming dose,
which requires future investigation (Voysey et al., 2021).

Finally, the interim phase 3 vaccine trial results are also
encouraging for other major COVID-19 candidate vaccines. Mul-
tiple candidate vaccines had similar immunogenicity profiles to
the COVID-19 RNA vaccines in humans, with equivalent or better
neutralizing antibody titers or CD4* T cell responses (Folegatti
et al., 2020; Jackson et al., 2020; Keech et al., 2020; Zhu et al.,
2020). Th1 and Tfh cell response were elicited to the Moderna/
VRC RNA vaccine (Corbett et al., 2020). CD8" T cell responses
to candidate COVID-19 vaccines in humans or non-human pri-
mates are either largely absent or not measured in the current
literature (e.g., the CanSino Ad5 vector-based vaccine did not
distinguish between CD4* and CD8" T cells by ELISPOT) (Zhu
et al., 2020). Multiple major candidate vaccines had efficacy at
short-term protection in pre-clinical models, including the J&J
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Ad26 vector-based vaccine (Corbett et al., 2020; van Doremalen
et al., 2020; Guebre-Xabier et al., 2020; Mercado et al., 2020). In
sum, there is no specific reason not to expect multiple other
candidate COVID-19 vaccines to do well in humans now;
although, of course, vaccine phase 3 clinical trial outcomes are
notoriously difficult to predict. For the moment, it is a phenom-
enal accomplishment for the world to go from nothing to multiple
vaccines with ~95% efficacy signal within a calendar year. That
is a first-ever in human history.

Conclusion

Although there is much more to be learned about adaptive im-
mune responses to SARS-CoV-2 and their relationships to dis-
ease severity, immune memory, protection, and vaccines, an
extraordinary amount has been accomplished during 2020.
Studies of antigen-specific CD4" T cells, CD8" T cells, and anti-
bodies together in larger cohorts of acute patients, representing
a range of disease severity, are needed to further understand
mechanisms of protective adaptive immune responses to
COVID-19. Big unknowns remain about variable kinetics of viral
loads and duration of infection and the connections between
those parameters and adaptive immunity and immune memory.
Understanding heterogeneous disease manifestations of
COVID-19 remains a major knowledge gap, and exploring rela-
tionships between those phenomena and adaptive immunity is
a priority. Additionally, duration of immune memory and protec-
tive immunity to SARS-CoV-2 after COVID-19 and in response to
COVID-19 vaccines will be a high priority for years to come.

SUPPLEMENTAL INFORMATION
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